Relaxation processes induced by the antisymmetric part of the chemical shift anisotropy tensor ͑henceforth called anti-CSA͒ are usually neglected in NMR relaxation studies. It is shown here that anti-CSA components contribute to longitudinal relaxation rates of the indole 15 N nucleus in tryptophan in solution at different magnetic fields and temperatures. To determine the parameters of several models for rotational diffusion and internal dynamics, we measured the longitudinal relaxation rates R 1 =1/ T 1 of 15 N, the 15 N-1 H dipole-dipole ͑DD͒ cross-relaxation rates ͑Overhauser effects͒, and the cross-correlated CSA/DD relaxation rates involving the second-rank symmetric part of the CSA tensor of 15 N at four magnetic fields B 0 = 9.4, 14.1, 18.8, and 22.3 T ͑400, 600, 800, and 950 MHz for protons͒ over a temperature range of 270Ͻ T Ͻ 310 K. A good agreement between experimental and theoretical rates can only be obtained if the CSA tensor is assumed to comprise first-rank antisymmetric ͑anti-CSA͒ components. The magnitude of the hitherto neglected antisymmetric components is of the order of 10% of the CSA.
I. INTRODUCTION
Chemical shifts and their modulations induced by rotational diffusion and internal motions can be exploited to investigate structural and dynamic properties of molecules. [1] [2] [3] Knowledge of chemical shift tensors is essential to characterize accurately internal dynamics at atomic resolution [4] [5] [6] [7] [8] [9] or domain motions in proteins 10 or RNAs. 11 Chemical shifts reflect local magnetic fields induced by the motions of electrons surrounding a nucleus in the presence of an external static magnetic field. These electron-induced fields depend on the local electronic structure and on the orientations of molecular orbitals relative to the static magnetic field and can be described by a chemical shift tensor. Without loss of generality, this tensor can be split into three tensors of ranks l = 0, 1, and 2, which correspond to the isotropic, anisotropic antisymmetrical, and anisotropic symmetrical parts .
͑1͒
The zeroth-rank tensor ͑l =0͒, which is invariable under rotations, leads to the isotropic chemical shift ␦ iso = ͑␦ xx + ␦ yy + ␦ zz ͒ / 3. The components of the first-rank ͑l =1͒ antisymmetric chemical shift anisotropy ͑henceforth anti-CSA͒ tensor can be expressed by ␦ ij ͑a͒ = ͑␦ ij − ␦ ji ͒ / 2, while the second-rank ͑l =2͒ symmetric part of the CSA tensor ͑sym-CSA͒ components are proportional to ␦ ij ͑s͒ = ͑␦ ij + ␦ ji ͒ / 2. The sym-CSA tensor is usually represented by its three eigenvalues in the principal axis system and the orientations of its three principal axes with respect to the molecular frame. 12 In liquids, the anisotropic parts are averaged out by rotational diffusion so that only ␦ iso can be observed in the spectra, while the anisotropic parts give rise to relaxation. In solids, only the eigenvalues and orientations of the sym-CSA tensor can be a͒ Authors to whom correspondence should be addressed. determined. Due to the absence of diagonal elements, the anti-CSA tensor only leads to magnetic field components that are perpendicular to the main external field, regardless of the frame of reference. This results in very weak tilt of the local field and hence to a second-order contribution to the resonance frequency that is too small to be measured. Graphical illustrations of these properties can be found in Anet's reviews. 13 Just like the magnetic field components due to the sym-CSA tensor, the fields associated with the anti-CSA tensor are modulated by rotational diffusion and internal molecular motions so that they also contribute to relaxation. [14] [15] [16] Experimental studies of the effect of anti-CSA tensor components on relaxation were carried out for some molecules with unusual electronic structures such as cyclopropenone 17 and tetrachlorocyclopropene. 18 A theoretical study by Kowalewski and Werbelow 19 addressed the contributions to the longitudinal and transverse relaxation rates R 1 and R 2 induced by the anti-CSA components of 15 N in formamide, where rapid anisotropic rotational diffusion exacerbates the contributions of anti-CSA tensor components to the relaxation rates. 19 In solid-state NMR, anti-CSA tensor components could be detected through a second-order shift in the presence of large quadrupolar interactions. 20 As shown by Buckingham, the symmetry of nuclear sites limits the number of independent components of the CSA tensor. 21 Antisymmetric components only exist at sites with low nuclear symmetry ͑e.g., C 1 , C 2 , and C S ͒, which may occur in biomolecules such as proteins and nucleic acids. Due to the increasing popularity of very high static magnetic fields in NMR studies of biomolecules, the effects of anti-CSA tensor components become a topical issue, since the contribution of the CSA ͑including its anti-CSA component͒ to relaxation is proportional to the square of the static field. When CSA tensors can be obtained both from solid-state 22, 23 and solution 24 NMR, it is important to have an estimate of the contributions of the anti-CSA components to relaxation rates in liquids since they can be a source of discrepancies.
In this work, we show an experimental investigation of the anti-CSA tensor components of the indole 15 N nucleus in tryptophan. While the longitudinal relaxation rate R 1 is affected by anti-CSA components, the cross-correlated CSA/DD relaxation rates and the dipole-dipole ͑DD͒ crossrelaxation rates are not. A careful comparison of these rates at different static fields and temperatures, combined with a suitable description of anisotropic rotational diffusion, allows one to assess the anti-CSA tensor components of the 15 N nucleus.
II. THEORY
A. The CSA tensor of indole 15 
N in tryptophan
As shown in Fig. 1 25 Independent results obtained in our laboratory for the L-enantiomer, through the analysis of the spinning sidebands obtained at low-frequency magic angle spinning ͑MAS͒ with the DMFIT program, 26 are consistent with the earlier study 25 ͑Table I͒. We have calculated the sym-CSA and anti-CSA tensors ͑Table I͒ with Kohn-Sham density functional theory using the QUANTUM-ESPRESSO code 27 that employs the Gauge Including Projector Augmented Waves ͑GIPAW͒ method 28 and the crystal structure of DLtryptophan determined by x-ray diffraction. 29 Details about the computations are reported elsewhere. 30 
where
is the permeability of free space, ប is Planck's constant divided by 2, ␥ N and ␥ H are the gyromagnetic ratios of 15 N and 1 H, r NH is the distance between 15 N and 1 H, and J uv ͑l͒ are spectral densities, which result from the Fourier transformation of autocorrelation functions of rank l = 1 or 2, characterized by correlation times c ͑l͒ of rank l. We define the fraction f of longitudinal relaxation induced by anti-CSA as
Note that this fraction would increase if the neighboring 1 H were replaced by a deuteron since ␥ D Ӷ ␥ H . The 15 N-1 H DD cross-relaxation rate ͑nuclear Overhauser effect͒ is
͑7͒
The longitudinal R ccl and transverse R cct cross-correlated CSA/DD rates are
The spectral densities J uv ͑l͒ express the combined effect of two interactions u and v ͑for example, CSA and DD interactions͒ and depend on the angles subtended by the symmetry axes of the tensors.
C. Model A: Isotropic rotational diffusion without internal motions
For isotropic rotational diffusion without internal motions, the spectral density function can be expressed as
where c ͑l͒ is the rotational correlation time for interactions of rank l. For isotropic diffusion, one has the relation c
͑1͒
=3 c ͑2͒ . 16 Note that c ͑2͒ is the correlation time c encountered in conventional NMR relaxation studies where second-rank interactions ͑i.e., sym-CSA and DD interactions͒ play a predominant role. P ͑l͒ is the Legendre polynomial of order l ͓P 1 ͓x͔ = x and P 2 ͓x͔ = ͑3x 2 −1͒ / 2͔, and uv are the angles between the principal axes of the DD or CSA interactions involved. For isotropic rotational diffusion c = c ͑2͒ ,
For the orientation in Fig. 1 , the angles between the principal axes of the CSA and DD interactions are xx,NH = / 2, zz,NH = ␤, and yy,NH = / 2− ␤.
D. Model B: Isotropic rotational diffusion with internal motions
To take into account the internal motions in addition to isotropic overall tumbling, the Lipari-Szabo formalism 33 can be used
with 1 / eff ͑l͒ =1/ c ͑l͒ +1/ int ͑l͒ , where int ͑l͒ of rank l is the effective correlation time of the internal motions, and the order parameter S uv 2͑l͒ of rank l characterizes the amplitude of these motions. The internal motions are assumed to be isotropic in the sense that the amplitudes of the angular fluctuations of a vector are independent of its orientation with respect to the molecular frame, i.e., S uv 2͑l͒ = S 2͑l͒ P ͑l͒ ͑cos uv ͒. Here again, the condition c ͑1͒ =3 c ͑2͒ holds. For internal motions with small 
E. Model C: Anisotropic rotational diffusion without internal motions
For the sake of simplicity, the rotational diffusion tensor will be assumed to be axially symmetric with D ʈ D Ќ and internal motions are neglected ͑S 2 =1͒. The spectral density function obtained by Fourier transformation of the secondrank autocorrelation function is then
where 
III. EXPERIMENTS
L-tryptophan, enriched in 15 N ͑Fig. 1͒, was dissolved in a mixture of 90% ethylene glycol and 10% H 2 O. D 2 O was used as an external lock in an inner concentric tube. The viscosity of ethylene glycol is 18 times larger than that of water at 293 K, and its melting point is T mp ϳ 260 K so that a wide range of rotational diffusion regimes can be probed. The 15 N longitudinal autorelaxation rates R 1 were measured using a conventional out and back sequence 34 with relaxation delays T R = 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 1.25, and 1.5 s. The symmetrical reconversion approach 35, 36 was used to measure the longitudinal CSA/DD cross-correlation rates ͑R ccl ͒ with delays T R = 0. 16 270Ͻ T Ͻ 310 K ͑Fig. 2͒. The difference between the chemical shifts of the ethylene glycol protons served as an internal thermometer. 39 More details about the experiments ͑relax-ation curves, rates, and techniques used to control the temperature͒ are given in the supplementary material.
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IV. ANALYSIS
The cross-correlation and cross-relaxation rates R k = ͕R ccl , R cct , NH NOE ͖, which do not depend on anti-CSA components ͑unlike the autorelaxation rates R 1 ͒, were used to fit the motional parameters, i.e., the second-rank correlation times c ͑2͒ and j ͑2͒ and the order parameter S 2 at each temperature and magnetic field, following a fitting procedure outlined in Fig. 3 . The best parameters lead to the smallest deviations ⌬a ij = ͚ k=1 3 ͑R k,ij − R k,ij calc ͒ 2 for the three rates R k = ͕R ccl , R cct , NH NOE ͖, which are assumed to have equal accuracy. The index i stands for the different static fields B 0i and j for the different temperatures T j . Contrary to the commonly used minimization of 2 functions, the relaxation rates R k were not weighted by their errors to avoid attributing unreasonably large weights to rates that have small random errors. In fact, for some of the rates, the stochastic variations of the data points were so small ͑less than 0.1% at the higher fields͒ that systematic errors inherent to the experiments are probably dominant. Such systematic errors could, for example, be due to pulse imperfections, small errors in the temperature calibration ͑Ͻ0.1 K͒, or imperfect averaging of different pathways in cross-correlation experiments. A classical 2 fit ͑where the rates are weighted by the inverse of their uncertainties͒ leads to parameters that lie within the error bars of the results presented here. The sum ⌫ a = ͚ i,j ⌬a ij characterizes the overall deviation of the three relaxation rates that do not depend on anti-CSA components.
Next, the motional parameters thus extracted were used to determine the anti-CSA contribution to the longitudinal relaxation rate R 1 . The anti-CSA tensor component ␦ yz ͑a͒ was optimized to minimize ⌬b ij = ͑R 1,ij − R 1,ij calc ͒ 2 over the ensemble of all R 1 rates measured at the magnetic fields B 0i = 9.4, 14.1, 18.79, and 22.32 T for all temperatures 270Ͻ T j Ͻ 310 K. The deviation ⌫ b = ͚ i,j ⌬b ij is smallest for the best value of ␦ yz ͑a͒ . For comparison, we also calculated ⌫ b 0 = ͚ i,j ⌬b ij 0 obtained if one purposely assumed that ␦ yz ͑a͒ = 0, i.e., that the CSA tensor is symmetric.
Estimates of the eigenvalues of the sym-CSA tensors and assumptions about the distance r NH obviously affect the motional parameters and the anti-CSA contributions extracted by our fitting procedure. The repercussions of the parameters on the determination of ␦ yz ͑a͒ will be further investigated below.
A. Model A: Isotropic rotational diffusion without internal motions
The correlation times c were optimized using the distance r NH = 1.06 Å and eigenvalues of the sym-CSA tensor given in Table I . We have used the estimates derived from solid-state NMR measurements by Opella and co-workers 
Use Eqs. (7) (8) (9) 12) with τ int = n ps Use Eqs. 
B. Model B: Isotropic rotational diffusion with internal motions
As mentioned in the theoretical section, internal dynamics and anisotropic rotational diffusion must be considered to obtain unambiguous evidence of anti-CSA contributions to R 1 relaxation rates. In model B, the correlation times c and order parameters S 2 have been optimized for int = 0, 100, 200, and 500 ps. In all cases, the deviations ⌫ a are reduced compared to the rigid model A ͑Table III͒, highlighting that the overall fit for the three rates R k = ͕R ccl , R cct , NH NOE ͖ has 
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C. Model C: Anisotropic rotational diffusion without internal motions
As shown in Fig. 6 , the symmetry axis D ʈ of the rotational diffusion tensor could either be normal to the indole ring plane ͓Fig. 6͑a͔͒ or lie in this plane ͓Fig. 6͑b͔͒. In the former case, D ʈ is parallel to the anti-CSA component ␦ yz We tend to prefer models that not only lead to small deviations ⌫ a and ⌫ b , such as the isotropic rotational diffusion ͑model A͒ with 3°ഛ ␤ ഛ 7°, r NH = 1.06 Å, and experimentally determined CSA eigenvalues. 25 to f = 14% ͓Fig. 7͑b͔͒. If the proton-carrying indole 15 N nucleus belonged to a tryptophan residue in a globular protein tumbling with 4 ഛ c ഛ 10 ns, this ratio would fall to a mere f ഛ 1% ͑for N-D; f ഛ 2%͒ at B 0 = 22.32 T.
V. CONCLUSIONS
In this study, we have shown that the antisymmetric components of the tensors describing CSAs provide a small contribution to the autocorrelated longitudinal relaxation rates of the indole 15 N in tryptophan. We were able to determine the anti-CSA component ␦ yz ͑a͒ since it contributes to the autocorrelated longitudinal relaxation rate R 1 , while it does not contribute to the cross-correlation and cross-relaxation rates R k = ͕R ccl , R cct , NH NOE ͖. The anti-CSA contribution can be readily determined if we assume isotropic rotational diffusion of a rigid molecule. Even when intramolecular motions or anisotropic global rotational diffusion are taken into account, the rates R 1 and R k = ͕R ccl , R cct , NH NOE ͖ can only be reconciled by postulating a nonvanishing anti-CSA component ␦ yz ͑a͒ .
The contributions due to the anti-CSA components varied from 0.32% to 1.41% at 14.1 T ͑600 MHz͒ and from 0.67% to 3.03% at 22.32 T ͑950 MHz͒. If amide backbone nitrogen nuclei in slowly tumbling proteins have similar anti-CSA components ͑which remains to be shown͒, it would be important to take these components into consideration whenever the precision of the measurements is better than 1% at 950 MHz. This level of precision can indeed be achieved 24, 41, 42 but hardly in routine experiments. It would be interesting to repeat the experiments for a case where autocorrelated relaxation arises predominantly from temporal fluctuations of the CSA tensor. In our experimental work, the dipolar 15 N-1 H interactions tend to mask CSA effects. The indirect evaluation of the antisymmetric part of the CSA tensor would then become more tractable. As explained in the last section, this could be achieved by replacing the proton by a deuteron in order to quench the dominant dipolar relaxation in an X-1 H spin pair. Alternatively, one could focus attention on a homonuclear system such as the pair 13 C ali -13 CO. Furthermore, one could imagine exploring anti-CSA tensor components of nuclei located in biomolecules such as polypeptides or small proteins. According to Buckingham's rules, 21 backbone nuclei could have anti-CSA tensor components that depend on the secondary structures such as alphahelices, beta-sheets, or random coils. To accelerate overall tumbling rates, the proteins could be encapsulated in reversed micelles immersed in low-viscosity solvents. 43, 44 Pending experimental evidence, the present work indicates that one can obtain at least a rough estimate of the magnitude of anti-CSA components in silico. 
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